Predicting how populations respond to climate change requires an understanding of whether individuals or cohorts within populations vary in their response to climate variation. We used mixed-effects models on a song sparrow (Melospiza melodia) population in British Columbia, Canada, to examine differences among females and cohorts in their average breeding date and breeding date plasticity in response to the El Niñ o Southern Oscillation. Climatic variables, age and population density were strong predictors of timing of breeding, but we also found considerable variation among individual females and cohorts. Within cohorts, females differed markedly in their breeding date and cohorts also differed in their average breeding date and breeding date plasticity. The plasticity of a cohort appeared to be due primarily to an interaction between the environmental conditions (climate and density) experienced at different ages rather than innate inter-cohort differences. Cohorts that expressed higher plasticity in breeding date experienced warmer El Niñ o springs in their second or third breeding season, suggesting that prior experience affects how well individuals responded to abnormal climatic conditions. Cohorts born into lower density populations also expressed higher plasticity in breeding date. Interactions between age, experience and environmental conditions have been reported previously for long-lived taxa. Our current results indicate that similar effects operate in a short-lived, temperate songbird.
INTRODUCTION
Large-scale climatic variation affects population dynamics in a range of taxa (Post & Forchhammer 2002; Walther et al. 2002; Anders & Post 2006) . In birds, one of the most commonly observed effects of climate are changes in the onset of breeding. Several North American species including Mexican jays (Aphelocoma ultramarina; Brown et al. 1999 ) and red-cockaded woodpeckers (Picoides borealis; Schiegg et al. 2002) have advanced their breeding dates in response to warming trends over the past few decades. Annual variation in the onset of breeding has also been linked to natural climatic oscillations such as the North Atlantic Oscillation in Europe ( Forchhammer et al. 1998; Sanz 2003) and the El Niñ o Southern Oscillation (ENSO) in the Americas (Morrison & Bolger 2002; Wilson & Arcese 2003) . The probable mechanisms behind annual shifts in breeding date include changes in the phenology of key food resources and effects of temperature on thermoregulatory costs and reproductive allocation by females (Arcese & Smith 1988; Brown et al. 1999; Morrison & Bolger 2002) .
Recent studies have shown that individuals differ in their timing of breeding in the average environment (estimated as the intercept of the linear relationship between breeding date and climate) or their phenotypic plasticity in response to annual variation in climate (estimated as the slope between breeding date and climate). For example, in great tits (Parus major), collared flycatchers (Ficedula albicollis) and red deer (Cervus elaphus), individuals varied in both their intercept and slope terms, and those that bred earlier and showed higher plasticity typically had higher lifetime fitness (Brommer et al. 2005; Nussey et al. 2005a,b ; see also Reed et al. 2006) .
It is also possible that the cohorts within a population might differ in their response to variation in climate (Lindströ m 1999; Gaillard et al. 2003; Benton et al. 2006) . Maternal effects or conditions experienced during the early development of a cohort can have lasting effects on future reproduction or survival (Albon et al. 1987; Forchhammer et al. 2001; Reid et al. 2003a) . Environmental conditions experienced later in development may also influence breeding success. Reproductive performance often increases after the first breeding season (Martin 1995) , and cohorts that experience an extreme climatic event in their second or third season may be better able to respond to those conditions than a cohort breeding for the first time. Other factors such as population density during that cohort's lifetime might also influence reproduction (Arcese et al. 1992) . Identifying how cohorts within a population differ in their response to climate change is crucial for predicting how populations might respond to extreme climatic events or a long-term change in average conditions (Coulson et al. 2001; Lindström & Kokko 2002; Benton et al. 2006 ).
We used a 32-year study of song sparrows (Melospiza melodia) on Mandarte Island, British Columbia, to investigate within-population variation in the response of breeding date to annual fluctuations in climate. Using mixed-effects models, we first examined whether cohorts and individual females (nested within cohorts) differed in their mean response (intercept) and plasticity (slope) related to the ENSO. We then tested whether the intercept or slopes of cohorts and females affected their reproductive output. Finally, we examined whether variation in the slope of cohorts was related to population density or the climatic conditions that cohort experienced at different ages. Such analyses have been restricted to particular taxa (e.g. ungulates, seabirds) whose long lifespans and high philopatry allow study on how lifetime conditions affect a cohort's demographic response. Our study is one of the first to extend these analyses to a temperate songbird, a group for which these questions have been difficult to answer owing to their short lifespans and strong propensity to disperse from natal sites.
MATERIAL AND METHODS

(a) Study population and field methods
The song sparrow population on Mandarte Island has been studied from 1975 to 2006. The size of the population was estimated from the number of breeding individuals in the last two weeks of April each year. Because all individuals in the study are colour-marked and the island is small (6 ha), we are confident that these spring counts had little or no error. Markrecapture analyses implemented in MARK v. 5.1 ( White & Burnham 1999 ) estimate our resighting probability to be 0.998. The annual number of breeding females has varied from 4 to 71 birds with an average of 35. Throughout the breeding period, individual territories were monitored every 3-5 days to identify the breeding pair and locate all nests. The date of first egg for each female was obtained by observing nests during laying or backdating from the date of hatch. For each nest, we also determined the clutch size and number of young that fledged and reached independence. We excluded nesting attempts from females that were given supplemental food during experimental studies in 1979 and 1985 (Arcese & Smith 1988 . Further detail on the study population can be found in Smith et al. (2006) .
(b) Mean response and plasticity of breeding date To examine whether females and cohorts differ in the intercept or slope of their breeding date-ENSO relationship, we followed the approach of Pinheiro & Bates (2004; see also Brommer et al. 2005) . In brief, this involved finding the top linear model with only fixed effects using maximum likelihood and then adding random effects to the top fixedeffects model using restricted maximum likelihood (REML). For these analyses, we used linear and linear mixed-effects models in R (R Core Development Team 2006). Based on our prior knowledge from this population ( Wilson & Arcese 2003; Smith et al. 2006) , we considered a set of nine fixedeffects-only models that included the Southern Oscillation Index (SOI ), average daily temperature, total precipitation, age class and female density. Climate variables were the average monthly SOI, average daily temperature and total precipitation from January through April. Large-scale climatic indices such as the SOI may provide a better measure of overall climatic conditions than local weather and operate over larger temporal and spatial scales (Stenseth et al. 2003) . However, because local temperature and precipitation might be important, we considered these as well and then estimated plasticity based on the climate variable that was most influential on breeding date. We first compared an intercept-only model with models including female density and age class. Age class (equal to or more than 1 year old) was included as a categorical effect because first-year females tend to breed later than older females ( Nol & Smith 1987 ). We chose not to include specific ages because sample sizes of older age classes are small. To the top model containing these variables, we added SOI, temperature and precipitation separately. SOI values indicate sea-level pressure in the South Pacific Ocean and were obtained from the Climate Prediction Center of the National Oceanic and Atmospheric Association (http://www.cpc.ncep.noaa.gov/data/indices/soi). Low negative and high positive values of the SOI indicate El Niñ o and La Niñ a conditions, respectively. Temperature and precipitation data were obtained from the National Climate Archive of Environment Canada (http://climate.weatheroffice.ec.gc.ca/) for the Victoria International Airport station approximately 5 km northwest of our study site. Since there are multiple observations from cohorts and individual females, we model these as random effects as described in the final mixed-model below. Female density and climate variables were included as continuous effects and were meancentred ( Pinheiro & Bates 2004) . We used Akaike's information criterion for small samples to identify top models and the DAICc and Akaike weights (w i ) to infer support for different candidate models (Burnham & Anderson 2002) .
After identifying fixed effects, we constructed a multilevel mixed-effects model with female and cohort as random effects (female nested within cohort). Models were fit using REML. This approach only allows for comparison of models with the same fixed-effects structure (Pinheiro & Bates 2004) ; therefore, mixed models were built using the top fixed-effects model as described previously. Preliminary analyses revealed that female slope effects were difficult to identify because the number of breeding-year observations for most females was only one to four. Models that only included females with four or more breeding years indicated differences in the slope term (a model with slope had AICc values less than 2 units than the one without), but the CIs were wide and there were strong correlations with the female intercept term. Therefore, we ran only the analysis with the intercept term for individual, which allowed us to include all females. We first added a term for the cohort intercept and then female intercept nested within cohort. These terms estimated differences among cohorts or individuals when they bred in the average environment. We then added a slope term for cohort, which estimated how plastic a cohort's average breeding date was in relation to the SOI. The AICc values were again used to evaluate support for the addition of random terms by comparing the mixed-effects models with the top fixed-effects model. The best linear unbiased predictors (BLUPs) of the random cohort and female effects were then extracted from the top model for further analyses. Assumptions of within-group error and normality of the random effects were examined following the analysis (Pinheiro & Bates 2004) . After random effects were extracted, we used general linear models to test how the intercept (from both cohort and individual) and slope (cohort only) terms were related to mean annual fledgling production.
(c) Causes of variation in phenotypic plasticity of breeding date We used general linear models to test whether conditions at birth (density and SOI ) influenced the response of cohorts to climate change. We believed that population density and SOI were good surrogates of overall environmental quality at birth, with low population densities and low values of the SOI (i.e. warmer springs) indicative of better natal conditions. Because population size tends to be temporally autocorrelated, cohorts born into low-density populations may also experience low densities for much of their lifetime. To account for this possibility, we considered lifetime density, which was weighted for the number of breeding individuals in a cohort in different years.
To test whether the plasticity of a cohort was related to the age at which it experienced particular climatic conditions, we regressed the slope of the breeding date-climate model against SOI values in that cohort's first, second and third breeding seasons. Our hypothesis was that previous breeding experience would be an asset in responding to shifts in climate and therefore cohorts that experienced an anomalous event after their first breeding season would be more responsive to variation in climate (i.e. have a steeper slope) compared with a cohort whose first breeding season occurred during an extreme year. We also included an intercept-only model, which if supported would indicate that none of the above variables were influential. For these analyses, we used the global model to check goodness of fit by calculatingĉ (deviance/degrees of freedom).
3. RESULTS (a) Mean response and plasticity of breeding date To examine variation in the intercept and slope of the breeding date-SOI relationship, we used 941 observations from 458 females across 29 cohorts. The top fixed-effects model contained age class, female density and SOI (tables 1a and 2). Local temperature and precipitation were less influential predictors of breeding date than the SOI, although inclusion of these two variables also improved model support. Females in their first breeding attempt typically bred approximately 6 days later than more experienced females. Females also bred earlier at lower population densities and more negative values of the SOI (table 2) . From the top model equation with more than 1-year-old females and mean values for the other predictors (tables 1a and 2), a 10% increase in the SOI would lead to an expected 2.17 d delay in the onset of breeding. All models with random effects had substantially more support than models with only fixed effects (table 1b). The top model contained a term for the female intercept and the cohort by SOI interaction, indicating differences among females and cohorts in their breeding date in the average environment as well as differences in the response of cohorts to annual fluctuations in climatic conditions (table 2). (b) Causes of variation in phenotypic plasticity of breeding date We used a linear model to examine how a cohort's slope was influenced by female density at birth and over their lifetime, and the January to April values of the SOI for their natal, first, second and third breeding years. As expected, we observed a positive correlation between the density at birth and the average density over the lifetime of the cohort (rZ0.47). Female density and SOI in the birth year showed a weak negative correlation (rZK0.33), while correlations between all other variables were low (less than 0.30). The top model contained female density at birth and the SOI values in a cohort's second and third breeding seasons (table 3). The latter two variables were also in the three top models, which had a combined model weight of 0.971. Parameter estimates for the three variables from the top model (estimateG s.e.) were as follows: b birth density ZK0.032G0.015; b SOI 2nd ZK0.70G0.27; b SOI 3rd ZK0.47G0.27. The SOI in a cohort's birth year and first breeding year was not included in top models. Although a cohort's birth density and average lifetime density were correlated, models that included lifetime density had less support. Overall, the best-supported model suggested that cohorts with the highest plasticity estimate were those born at lower densities (figure 1) and those that experienced strong El Niñ o events in their second and third breeding seasons (figure 2).
DISCUSSION
Our findings suggest that the ability of song sparrows to respond to variation in climate is partly dependent upon when individuals were born and the conditions cohorts experience at different ages. Climate and density are important predictors of breeding date in this population, with earlier breeding occurring under milder climates (e.g. El Niñ o years) and lower population densities (Arcese et al. 1992; Wilson & Arcese 2003) . Food availability has a strong influence on breeding date (Arcese & Smith 1988) and it is probable that climate and density affect food resources through changes in phenology and competition, respectively. Warmer springs might also lower thermoregulatory costs of females and allow them to allocate more towards reproduction (Brown et al. 1999) . Cohorts that encountered a warm El Niñ o spring in their second or third breeding season had steeper slopes than those experiencing an El Niñ o spring in their first season. This suggests that the estimate of a cohort's plasticity was affected more by interactions between age and environmental conditions than by innate differences among cohorts in the ability to respond to climate change. It further indicates that prior experience is beneficial in coping with abnormal climatic conditions. Improved reproductive performance with age has been observed for both mammalian (Sydeman et al. 1991; Gaillard et al. 1992 ) and avian species (Martin 1995; Reid et al. 2003b) , including song sparrows ( Nol & Smith 1987) . Our results show that age-related variation in performance may also be exaggerated in severe climates. Periods of food scarcity led to relatively lower reproductive success for inexperienced breeders in Tengmalm's owls (Aegolius funereus; Laaksonen et al. 2002) and Australasian gannets (Morus serrator; Bunce et al. 2005) . On Mandarte Island, experienced female song sparrows may be better able to acquire resources in spring and respond more quickly should conditions favour an advance in the optimal laying date. Age-related effects of climatic variation are often observed in ungulate populations and models suggest that the ability of populations to respond to climate can differ considerably depending on the population age and structure when those events occur (Coulson et al. 2001; Clutton-Brock & Coulson 2002 ). Our results suggest that similar dependencies may operate in temperate songbirds.
We also found that density in the birth year was linked to a cohort's response to variation in climate. Environmental conditions (e.g. density, weather, disease) and/or maternal effects have been found to influence future reproduction and survival in birds and mammals (Lindströ m 1999; Forchhammer et al. 2001) . Female red deer (C. elaphus) born into low-density populations were more plastic in their calving date than those born at high density, potentially because higher densities at birth have lasting effects on condition (Nussey et al. 2005a) . It is possible that song sparrows born at high density experience greater competition and are in poorer average condition, which may lower their ability to respond to climate variation. High densities and competition in the post-breeding and winter periods may also affect timing of breeding the following spring (Arcese 1989) , and a delayed first attempt for a cohort would influence its slope estimate. Variation in the age at first breeding for red-billed chough (Pyrrhocorax pyrrhocorax) cohorts was primarily driven by population size at maturity, while natal climatic conditions had a greater influence on juvenile survival and breeding longevity (Reid et al. 2003a) . Beckerman et al. (2003) also showed how conditions experienced at birth and maturity might interact to shape future reproductive performance for a cohort.
The song sparrow population on Mandarte Island experienced severe declines at approximately 10-year intervals in 1979, 1989 and 1998, each followed by gradual rebuilding (Smith et al. 2006) . Because the ENSO also tends to fluctuate in a periodic manner (Allan et al. 1996) , some caution is warranted when interpreting potential cause and effect relationships between demography, individual tactics and climate. Over our 32-year study, however, El Niñ o, La Niñ a and more average years occurred coincident with low and high population densities, and we found no indication of strong autocorrelation in the ENSO or a lagged influence of the ENSO on population density. Thus, we have no reason to expect that birth density and future climatic conditions were related mechanistically.
Within populations, certain individuals often breed earlier and/or are more plastic in their breeding date in response to climate variation (Brommer et al. 2005; Nussey et al. 2005a,b) . Our study revealed that within cohorts, females also differed markedly in their timing of breeding in the average environment and those that bred earlier fledged more young over their lifetime. Females that breed early may have higher reproductive success because they can initiate more nesting attempts per season ( Wilson & Arcese 2003) and are less susceptible to brood parasitism from brown-headed cowbirds (Molothrus ater; Smith & Arcese 1994) . Females that breed early may also be of higher quality overall and better able to successfully raise young. Cohorts that had earlier average breeding dates also tended to produce more young as expected given that females within those cohorts often bred earlier. Unfortunately, we were unable to examine differences in plasticity among females because most had only two to three breeding observations, which makes it difficult to estimate individual slopes. Analyses that considered females with four or more breeding years found that females had different slopes, but strong correlations with the intercept prevented meaningful comparisons. Other studies on collared flycatchers and great tits have found individual variation in response to climate, with more plastic individuals experiencing higher lifetime fitness (Brommer et al. 2005; Nussey et al. 2005b) . By contrast, Reed et al. (2006) found no evidence for differences in plasticity in common guillemots (Uria aalge), perhaps because there is selection for synchrony among colonial breeders.
There is increasing evidence that population dynamics are influenced by large-scale climatic variation (Post & Forchhammer 2002; Anders & Post 2006) but not all populations respond equally, perhaps due to different lifehistory strategies or population structure (Both & Visser 2001; Coulson et al. 2001) . With temperatures and weather variability expected to continue rising due to global warming (IPCC 2007) , it is essential to understand 1983 (i, ii), 1987 (iii, iv), 1992 (v, vi) and 1998 (vii, viii) what features of a population affect its response to climate variation. We found that the population density and climatic conditions experienced by a cohort at different ages affected its response to climate change. Cohorts may not differ inherently in their ability to respond to climate change, but those that encounter anomalous events in their second or third season are better able to adjust to those conditions resulting in a higher measure of plasticity.
Our study provides one of the first examples that population-level responses of temperate songbirds may include nonlinear effects of climate and density on timing of breeding in different age groups, as noted previously for long-lived mammals (Coulson et al. 2001 ).
